The mechanism for ion-induced uniaxial magnetic anisotropy of ferromagnetic CoPt thin films is investigated using x-ray diffraction and soft x-ray emission spectroscopy. When Co/ Pt multilayers 64 nm thick are irradiated with 80 keV Ar + ions in an externally applied magnetic field, the magnetization of the ion-irradiated area shows a significant anisotropic angular dispersion in its hysteresis. Analysis of x-ray diffraction patterns and Co L 3 emission spectra reveals that the formation of partially ordered ͑face-centered-tetragonal͒ CoPt phase and nonequivalent electronic hybridization between easy and hard axes causes the induction of a uniaxial magnetic anisotropy.
Progress in magnetic technology requires efficient spin manipulation of small domains in magnetic devices, which is why control of the magnetic anisotropy of thin films and superlattices has attracted large research interest. [1] [2] [3] As the sizes of magnetic structures are reduced, magnetic properties become more dominantly affected by the surface and interface structure of ultrathin films and multilayers, their chemical structure, and composition. Since Chappert et al. 4 reported that the magnetic anisotropy of Co/ Pt multilayers can be rotated from perpendicular to in-plane using He + ion irradiation, the ion-beam technique has been actively researched due to its ability to locally change the above parameters of a magnetic system. This is accomplished by recoil interaction between the energetic ions and target elements. [5] [6] [7] [8] [9] In addition, magnetic-field-assisted ion irradiation has recently been proposed to modify the direction of an exchange bias field of NiFe-FeMn bilayer system and induce a uniaxial anisotropy axis in permalloy NiFe films. 10, 11 These directional modifications in magnetic properties are interpreted on the basis of structural changes induced by field-assisted ion irradiation such as atomic short-range exchange ͑for He + light ion irradiation͒ and interlayer mixing ͑for Ar + , Xe + heavy ion irradiation͒.
However, the electronic structure of ion-irradiated magnetic films is not well investigated. In the present letter, we show that magnetic anisotropy can be postinduced in a controllable fashion in ferromagnetic Co/ Pt films by employing local ion irradiation in an externally applied field. It is also shown that in order to understand the induction of unaxial magnetic anisotropy, the difference in electronic hybridization along easy and hard axes should be taken into account as well as the ion-induced phase reconstruction.
Co/ Pt multilayers were prepared by electron-beam evaporation of eight periods of alternating layers of Co͑3.5 nm͒ and Pt͑4.5 nm͒ on Si ͑100͒ substrates. The thickness of Co and Pt sublayers was chosen to match an equiatomic composition of the uniformly mixed CoPt phase after ion irradiation. The total thickness of Co/ Pt multilayers ͑64 nm͒ was chosen to match the calculated mean projected range of 80 keV Ar + in the Co/ Pt layer by using TRIM code simulation. 12 The irradiation of localized areas of the asgrown Co/ Pt multilayer with Ar + ions was performed at room temperature. A magnetic field of 40 kA m −1 ͑H IR ͒ was applied along the primary flat ͓͑100͔-direction͒ of the Si wafer during ion irradiation. For a schematic of the setup for ion irradiation see top left sketch in Fig. 1 . The magnetic properties, which take place upon ion irradiation, were measured using in-plane magneto-optical Kerr effect ͑MOKE͒. Orbital-selective x-ray emission spectroscopy ͑XES͒ was used to verify that a difference in electronic structure exists between the easy and hard magnetization directions. The XES measurements were carried out at the Advanced Light Source using linearly polarized soft x rays from Beamline 8.0.1. Figure 1͑a͒ shows the hysteresis curves measured from an as-grown Co/ Pt multilayer ͑area labeled 1͒ and from a local area that has been exposed to 1 ϫ 10 16 ions/ cm 2 of Ar + ͑area 2͒. The angles in each loop indicate the direction of MOKE measurements with respect to Si ͓100͔ ͑parallel to H IR in area 2͒. The magnetic characteristics of area 1 remain unchanged and therefore do not depend on the angle of the MOKE measurement, because randomly oriented grains in the Co sublayers cause the average crystalline field along any in-plane direction to be identical in long-range leading to the isotropic magnetization behavior. In contrast, the magnetization of the ion-irradiated region ͑area 2͒ shows a significant anisotropic angular dispersion in its hysteresis. The rectangular hysteresis curve measured parallel to the direction of H IR is expected for the easy magnetization axis. size with the azimuthal rotation of the sample and disappears at 90°, which corresponds to the direction of hard magnetization.
To confirm the effect that ion irradiation has on the magnetic properties in more detail, the experiments were repeated for different fluences of Ar + ions, ranging from 1 ϫ 10 14 ions/ cm 2 to 3 ϫ 10 16 ions/ cm 2 . Other parameters, such as the ion energy ͑80 keV͒, the ion current ͑1.5 A͒, and the strength of H IR ͑40 kA m −1 ͒ were kept constant. The coercivity field ͑H c ͒ and the ratio of the remanent magnetization M r to the saturation magnetization M s ͑M r / M s ͒ were determined from the hysteresis loops taken when azimuthally rotating the sample through one complete revolution. Figure  1͑b͒ shows that the angular dependence of magnetization is well reproduced after ion irradiation, while M r / M s for asgrown Co/ Pt has a constant value of 0.66 ͑open circles͒. The values of the ratios M r / M s in the ion-irradiated areas oscillate sinusoidally between the maximum of 0.98 ͑parallel to H IR ͒ and the minimum of 0.15 ͑perpendicular to H IR ͒. This angular dependence implies that the irradiated areas exhibit a strong tendency toward uniaxial magnetic anisotropy over the entire range of ion fluence. The minor discrepancy appearing along the hard magnetization axis at low ion doses ͑1 ϫ 10 14 ions/ cm 2 and 1 ϫ 10 15 ions/ cm 2 ͒ vanishes for ion doses higher than 3 ϫ 10 15 ions/ cm 2 . These results are direct evidence that magnetic-field-assisted ion irradiation postinduces a uniaxial magnetic anisotropy in ferromagnetic thin films.
On the other hand, the coercivity field correlates differently with the amount of irradiated ions as shown in Fig.  1͑c͒ . In the case of low ion fluence ͑1 ϫ 10 14 ions/ cm 2 ͒, H c significantly decreases from the constant value of 7.2 kA m −1 for the as-grown film and fluctuates between 3.32 and 0.97 kA m −1 . The reason for this degradation is that a low ion fluence does not generate sufficient displacement of the constituent Co and Pt atoms to induce the complete intermixing of the Co and Pt layers that would ultimately form a uniform CoPt phase. 13, 14 However, H c is restored to about 91% of its value for the as-grown film along the easy magnetization axis when the ion dose is increased to 3 ϫ 10 16 ions/ cm 2 . Since conventional ion irradiation techniques have been known to monotonically degrade the atomic structure of thin films with increasing ion influence, the restoration of H c for higher ion dose is quite unexpected. This finding means that the application of an external magnetic field during ion irradiation can induce a metastable phase with a short-range ordering in contrast to an otherwise completely disordered phase.
The induction of uniaxial magnetization in a ferromagnetic thin film must be attributed to an ion-induced structural change and a resulting modification of the crystalline field of the Co 3d states in the sample. To understand this behavior, we employed x-ray diffraction ͑XRD͒ and synchrotron-based XES to study the atomic and electronic structures, respectively. Upon comparison of the XRD patterns of the asgrown Co/ Pt multilayer with those that were irradiated with different ion doses ͓Fig. 2͑a͔͒, we find that Co/ Pt multilayered structure gradually evolves into a Co-Pt intermixed phase due to the recoil cascade process induced by ion irradiation. In the intermediate stage, the film consists of an inhomogeneous mixture of Pt-rich ͑CoPt 3 , 2 = 40.5°͒ and Co-rich ͑Co 3 Pt, 2 = 42.6°͒ phases formed by the displaced Co and Pt atoms across the interface, respectively. 15, 16 As the amount of ions increases, sufficient intermixing between Co and Pt sublayers induces an equiatomic CoPt alloy phase resulting in a growing face-centered-cubic ͑fcc͒ CoPt ͑111͒ peak ͑2 = 41.58°͒ corresponding to interplanar spacing ͑d 111 ͒ of 3.72 Å. Furthermore, the CoPt ͑111͒ peak shifts toward slightly lower angle ͑2 = 41.45°͒ for a fluence of 1 ϫ 10 16 Ar + /cm 2 . The shift of CoPt ͑111͒ peak is in good agreement with the face-centered-tetragonal ͑fct͒ CoPt phase with a ratio of c-and a-axis lattice parameters of 0.975 ͑c = 3.70 Å and a = 3.82 Å͒, which is more stable for the L1 0 structure ͑CuAu type͒. 17 In addition, the full width at half maximum of fct CoPt ͑111͒ peak is 0.2°smaller than that of fcc CoPt ͑111͒ indicating a higher degree of crystallographic orientation. As aforementioned the existence of a uniaxial magnetic anisotropy measured by MOKE reflects that the ion-induced CoPt phase has a short-range chemical ordering rather than complete disordering. To verify this and to find the direction of easy magnetization, we performed polar ͑͒ and azimuthal ͑͒ scans of the sample irradiated with 1 ϫ 10 16 Ar + /cm 2 for 2 = 48.1°of CoPt ͑002͒ determined from the high-angle window of a -2 scan ͓Fig. 2͑b͔͒. Figure 2͑c͒ shows that the CoPt ͑002͒ direction is tilted by 54.7°f rom the surface normal. The azimuthal scan of the sample for = 54.7°shows that the ͑002͒ peak of the ion-induced fct CoPt phase has angular dispersion with four-fold symmetry ͓Fig. 2͑d͔͒.
This biaxial symmetry of the ion-irradiated CoPt phase along ͑001͒ direction means that the structural changes cannot solely explain the presence of ion-induced uniaxial magnetic anisotropy derived from our MOKE results. Therefore, we focused on different interatomic interactions along the easy axis compared to along the hard axis in order to explain such inconsistency. Orbital-selective XES was used to verify that a difference in electronic structure exists between the easy and hard magnetization directions. By mounting the sample with the magnetic easy axis ͑e͒ either parallel ͑e ʈ P͒ or perpendicular ͑e Ќ P͒ to the polarization vector ͑P͒ of the exciting radiation, the Co 2p fluorescence measurement can be used to probe the partial density of occupied valence-band ͑3d͒ states along the different axes. 18 The excitation energy of the monochromatized incident beam was set to 795 eV for the Co L 3 ͑3d4s → 2p 3/2 transition͒ emission spectra. Figure  3͑a͒ shows the Co L 3 XES spectra of the sample irradiated with 1 ϫ 10 16 Ar + /cm 2 corresponding to valence structure of Co in the irradiated CoPt. The Co L 3 spectra of unirradiated Co/ Pt multilayer and pure Co are also compared. The Co valence band ͑3d͒ structure is modified after Ar + irradiation and depends on the measurement geometry. For the e ʈ P setup, the valence center of Co 3d is located at 778.1 eV, which is higher than that of the unirradiated Co/ Pt multilayered film before ion irradiation. This shift in energy is expected because Co 3d states in the vicinity of the Fermi energy ͑high-energy side of spectrum͒ are known to be strongly hybridized with Pt 5d states. 19, 20 As the orientation is changed to the perpendicular alignment ͑e Ќ P͒, the spectral weight shifts to lower emission energy ͑higher binding energy͒ and the band width is slightly narrower than that of pure Co. This observation leads to the remarkable conclusion that the Co 3d states in CoPt for the direction perpendicular to H IR remain localized without 3d-5d hybridization. These spectroscopic results reveal that field-assisted ion irradiation breaks the biaxial symmetry of the crystalline field and thus the lack of electronic interaction perpendicular to H IR results in the uniaxial magnetization along H IR .
To conclude field-assisted ion irradiation has been used to induce uniaxial magnetic anisotropy in a local area of ferromagnetic thin films. The ion-induced magnetic anisotropy is explained by considering the effects of structural change and nonequivalent electronic hybridization between easy and hard axes. Contrary to magnetic annealing and stress annealing, which are conventionally known to modify the bulk properties of magnetic thin films, field-assisted ion irradiation enables us to control the spin orientation in a local area and thus tailor magnetic structure in devices. This will offer new possibilities and improved functionality for magnetic-field sensors and spintronic devices. 
